Human skin fibroblasts present technical advantages for the study of mitochondrial-induced toxicity, because those cells can be isolated from patients by lowly invasive methods and present specific cumulative cellular damage and mutations of particular conditions. Several drugs lead to organ toxicity, with some of these drugs having been already withdrawn from the market. Frequently, drug-induced toxicity is attributed to mitochondrial liabilities. One of the approaches to identify drug-induced mitochondrial toxicity is using glucose-free/galactose/glutamine/pyruvate-containing cell culture media that force cells to be more dependent on oxidative phosphorylation for energy production. However, the effects of this modified culture medium itself on the mitochondrial phenotype of human skin fibroblasts have not been explored in detail. Our objective was to assess the mitochondrial biology of human skin fibroblasts under standard or modified culture conditions so that system can be validated and used in a more reliable way to disclose mitochondrial liabilities of drug candidates or intrinsic metabolic differences in fibroblasts. Our results showed that forcing mitochondrial remodeling in human skin fibroblasts increased oxygen consumption rate, ATP levels, and mitochondria-related transcripts and proteins. Moreover, the metabolic remodeling increased cytotoxicity of mitochondrial poisons. In general, no alterations in gene expression related with differentiation status were observed in human skin fibroblasts, with exception of increased paxilin gene expression. Not only the current work highlights the importance of using human skin primary cells to study drug-induced mitochondrial toxicity, it also reinforces the use of this tool to detect specific mitochondrial defects in skin fibroblasts from patients.
are attributed to detrimental effects in mitochondrial function, which in the majority of the cases are not detected during preclinical phase studies (Marroquin et al., 2007) . Mitochondria are considered the powerhouses of the cell, because they enclose important energy-producing metabolic pathways (Pereira et al., 2009; Picard et al., 2016) . Besides ATP production, mitochondria display other important roles, including intracellular calcium (Ca 2þ ) regulation (Arduino et al., 2017) , as well as redox and apoptotic signaling pathways (Smith et al., 2012; Teixeira et al., 2017) . Decline in mitochondrial function has been associated with a wide range of human pathologies (Wallace et al., 2010) , while alterations caused by drug toxicity have been extensively demonstrated (Marroquin et al., 2007; Masubuchi et al., 2006; Ong et al., 2007; Swiss and Will, 2011; Tirmenstein et al., 2002) . For example, troglitazone, a thiazolidinedione antidiabetic agent, which was already withdrawn from the market, was shown to decrease mitochondrial membrane potential, induce mitochondrial Ca 2þ accumulation and mitochondrial permeability transition (MPT) pore, and alter mitochondrial redox signaling leading to hepatotoxicity (Masubuchi et al., 2006; Ong et al., 2007) . Furthermore, statins, a class of lipid-lowering medication, inhibit ubiquinone biosynthesis impacting mitochondrial metabolism by disrupting electron transport chain in muscle mitochondria (Schaefer et al., 2004) . Another example is doxorubicin, a chemotherapeutic cardiotoxic drug, which was demonstrated to increase mitochondrial ROS production, ATP depletion, MPT pore formation, and cause mitochondrial membrane potential disruption and apoptotic signaling Deus et al., 2015; Pereira et al., 2016) . Several approaches have been used to disclose drug-induced mitochondrial toxicity in pre-clinical assays. Marroquin et al. (2007) used a glucose-free/galactose/glutamine/pyruvate-containing culture medium to force cells to use oxidative phosphorylation (OXPHOS) for ATP production exposing the drug-induced mitochondrial toxicity, which is now used by many research groups. However, the effects of this modified culture medium in terms of mitochondrial phenotype, differentiation status, and gene expression in fibroblasts are not well characterized. Moreover, the majority of studies were performed using tumor-derived immortalized cell lines, such as the hepatocellular tumor HepG2 cell line (Marroquin et al., 2007; Tirmenstein et al., 2002) , down-playing the relevance of human skin fibroblasts as a more reliable tool to study mitochondrial drug-induced toxicity. Based on that, our general objective was to validate the cell model composed by human skin fibroblasts under standard culture conditions versus the modified culture media used to disclose mitochondrial liabilities of drug candidates or metabolic differences in skin fibroblasts from donors. Specifically, by using different culture conditions, our aims were to (1) characterize mitochondrial bioenergetics alterations, protein and gene expression induced by mitochondrial remodeling in human skin fibroblasts, (2) evaluate the susceptibility of human skin fibroblasts to mitochondrial poisons, and c) evaluate whether mitochondrial remodeling alters the differentiation status of human skin fibroblasts. We demonstrated here that by using the modified culture media, mitochondrial oxidative capacity was increased, concomitantly with alterations at the transcriptional level of mitochondrial proteins relevant to OXPHOS. Remarkably, modulation of skin fibroblasts metabolism caused minimal alterations on cell differentiation markers. Our study is the first comprehensive analysis of the changes that occur in mitochondrial function and structure in a human skin fibroblast cell line, highlighting not only the importance of using human skin primary cells to study drug-induced mitochondrial toxicity as well as the possibility to use this tool to detect particular mitochondrial defects in human fibroblasts from patients. All reagents and chemical compounds used were of the greatest degree of purity commercially available. In the preparation of aqueous solutions, ultrapure distilled water (conductivity < 18 mS/cm), filtered by a Milli Q Millipore system, was used in order to minimize as much as possible contamination with metal ions. For non-aqueous solutions, ethanol (95%, Sigma-Aldrich) was use as solvent.
MATERIALS AND METHODS

Reagents
Cell Culture
Human skin fibroblast cell line, BJ (CRL-2522, ATCC, UK) was cultured in DMEM (D5030) supplemented with 4.5 g/l glucose (25 mM final concentration), 1.8 g/l sodium bicarbonate, 0.11 g/L sodium pyruvate, and 10% fetal bovine serum in 100-cm 2 cell culture dishes at 37 C in a humidified atmosphere of 5% CO 2 .
This medium is here referred as "high glucose medium" (HGm). Another group of cells was adapted for at least 5 passages in a modified glucose-free culture media (DMEM, 5030) supplemented with 1.8 g/l sodium bicarbonate, 0.11 g/l sodium pyruvate, 1.8 g/l galactose, 0.584 g/l L-glutamine, and 10% fetal bovine serum according with Marroquin et al. (2007) and cells cultured in the same conditions described before. This culture medium was used to force the cells to preferably use OXPHOS for ATP production (Marroquin et al., 2007) and is referred here as OXPHOS medium (OXPHOSm). Cells were passaged by trypsinization with 0.05% trypsin-EDTA using standard methods when reaching 70%-80% confluence and all experiments were performed from cultures in log-phase growth. Stock solution of rotenone, FCCP, and oligomycin were prepared in ethanol and stored frozen. Vehicle controls received an equivalent amount of ethanol, which never exceeded 0.1% v/v.
Cell Proliferation Measurement
The SRB assay was used to determine cellular mass and estimate proliferation, as well as to measure the loss of cell mass consequent from the mitochondrial poisons cytotoxicity. For cell proliferation studies, cells were seeded at a concentration of 2500, 5000, 10 000, 20 000, 40 000 cells/cm 2 in 48-well plates, with a final volume of 500 ml per well and allowed to proliferate during 24, 48, 72, 96, 120 , and 144 h. Growth media was replaced every 2 days. For cytotoxicity study cells were seeded at a concentration of 40 000 cells/cm 2 and were incubated with 1, 2, 4, and 10 mM of rotenone, FCCP, and oligomycin during 6, 24, and 48 h. In the controls the equivalent amount of ethanol was added. At specific time points, the incubation medium was removed, and cells were fixed in 1% acetic acid in ice-cold methanol for at least 1 day. Cells were then incubated with 0.05% (w/v) SRB reagent dissolved in 1% acetic acid for 1 h at 37 C. Unbound dye was removed with 1% acetic acid. Dye bound to cell proteins was extracted with 10 mM Tris-base solution, pH 10. After SRB labeling, absorbance was measured in a Biotek Cytation 3 spectrophotometer at 510 nm with background correction at 620 nm, the amount of dye released is proportional to the number of cell mass in each well, as demonstrated previously (Silva et al., 2016; Vichai and Kirtikara, 2006) .
Metabolic Activity Determination
The resazurin assay was used to measure the cellular viability based on metabolic activity of living cells through the fluorescence intensity of formed resorufin. Cells were seeded at a concentration of 40 000 cells/cm 2 in 48-well plates, with a final volume of 500 ml per well. Resazurin stock solution (1 mg/ml) was prepared in PBS 1Â and stored at À20 C. For each cell growth time point, 24, 48, 72, 96, 120 , and 144 h cell media from each well was cautiously removed and cells were carefully washed with PBS 1Â. After removing the PBS 1Â, 500 ll of resazurin solution (1:1000 dilution in growth medium from a stock solution) was added in each well and incubated for 6 h at 37 C with a 5% CO 2 atmosphere. Resorufin fluorescence was measured in a Biotek Cytation 3 spectrophotometer using excitation wavelength of 540 nm and emission of 590 nm (Silva et al., 2016) .
Vital Epifluorescence Microscopy Characterization
Vital epifluorescence microscopy was used to detect alterations in mitochondrial polarization and network distribution in human skin fibroblasts. Cells were seeded in 6 well-plates with a glass coverslip per well with a final volume of 2 ml per well. After 24 h, cells were incubated during 30 min with nonquenching concentrations of the fluorescent dye TMRM (100 nM) in microscopy solution buffer (120 mM NaCl, 3.5 mM KCl, 0.4 mM KH 2 PO 4 , 20 mM HEPES, 5 mM NaHCO 3 , 1.2 mM Na 2 SO 4 , and 10 mM sodium pyruvate) supplemented with 1.2 mM MgCl 2 and 1.3 mM CaCl 2 . Then, cells were washed with microscopy solution buffer. Images were obtained using a Nikon Eclipse TE2000U microscope and were analyzed with ImageJ 1.45S program.
Intracellular Adenine Nucleotides Measurement
For the evaluation of intracellular adenine nucleotides pool, the media was removed and cells were collected in perchloric acid solution. The suspension was then centrifuged, and the supernatant recovered. The supernatant, containing adenine nucleotides, was neutralized and analyzed by reverse-phase high performance liquid chromatography for quantification of the adenine nucleotides. The chromatographic apparatus was a Beckman-System Gold (Beckman Coulter, Fullerton, CA, USA), consisting of a 126 Binary Pump Model and a 166 Variable UV detector, computer controlled. Detection was performed by an ultraviolet detector at 254 nm and the column was a Lichrospher 100RP-18 (5 lm) from Merck (Darmstadt, Germany). Samples were eluted with 100 mM phosphate buffer (KH 2 PO 4 ), pH 6.5, and 1% methanol with a flow rate of 1.1 ml/min. Pellet protein concentration was determined after the addition of 1 M NaOH, by using the Bradford assay, with BSA as a standard (Bradford, 1976) . Energy charge was calculated as (
Cellular Oxygen Consumption Quantification
Oxygen consumption was measured at 37 C using a Seahorse XF e 96 Extracellular Flux Analyzer (Agilent Technologies, Santa Clara, CA, USA). Cells were seeded under the same conditions described above at a density of 80 000 cells/cm 2 because the absolute rate of oxygen consumption was linearly related to the cell number between 30 000 and 100 000 cells/well. A XF e 96 sensor cartridge for each cell plate was placed in a 96-well calibration plate containing 200 ll/well calibration buffer and left to hydrate overnight at 37 C. The cell culture medium from the plates was replaced the following day with 180 ll/well of prewarmed low-buffered serum-free minimal DMEM (D5030, Sigma-Aldrich) medium, the pH adjusted to 7.4 and incubated at 37 C for 1 h to allow the temperature, and pH of the medium to reach equilibrium before the first measurement. Oligomycin, FCCP, rotenone, and antimycin A were prepared in DMSO. For oxygen consumption rate (OCR) measurements, 3 lM oligomycin, injected into reagent delivery port A was diluted in lowbuffered serum-free DMEM medium and the pH adjusted to 7.4 with 1 M NaOH. Following the addition of oligomycin, 2 lM FCCP (previously optimized concentration) was injected into port B. The port C was loaded with 2.5 lM rotenone plus 2.5 lM antimycin diluted in low-buffered serum-free DMEM medium and the pH adjusted to 7.4 with 1 M NaOH. The ports were sequentially loaded with 20, 22, and 24 ll of compounds, respectively in the XF e 96 sensor cartridge. The sensor cartridge and the calibration plate were loaded into the XF e 96 Extracellular Flux Analyzer for calibration. The calibration plate was then replaced with the study plate. Three baseline rate measurements of BJ cell line OCR were made using a 3 min mix, 5 min measure cycle. The compounds were then pneumatically injected into each well and mixed with OCR measurements made using a 3 min mix, 5 min measure cycle. Results were normalized to cell mass and analyzed by using the Software Version Wave Desktop 2.2 (Agilent Technologies, Santa Clara, CA, USA).
Protein Semi-Quantification by Western Blot
To obtain total cellular extracts, total cell pool was harvested by trypsinization and washed once with PBS 1Â. In order to collect the cells, two centrifugation steps were performed for 5 min at 1000 Â g (4 C). The cellular pellet was resuspended in cell lysis buffer 1Â (Bio-Rad, Hercules, CA, USA, 9803) supplemented with 100 mM PMSF. Protein content was determined by the Bradford method using BSA as a standard (Bradford, 1976 ). An equivalent amount of protein (20 mg) for each sample was separated by electrophoresis on 12 SDS-polyacrylamide gel (SDS-PAGE) and electrophoretically transferred to a polyvinylidene fluoride (PVDF) membrane. The membranes were stained with Ponceau S solution (Sigma-Aldrich, Barcelona, Spain), an accurate method to confirm equal protein load (Romero-Calvo et al., 2010) , to confirm equivalent protein loading in each lane. After blocking with 5% milk in TBST (50 mM Tris-HCl, pH 8; 154 mM NaCl and 0.1% tween 20) for 2 h at room temperature, PVDF membranes were incubated overnight at 4 C with primary antibodies to semi-quantify subunits from OXPHOS system (1:1000; ab110304, Abcam) and mitochondrial membrane carriers and translocators (1:1000; ab110414, Abcam), peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1-a) (1:750, ST1202, Millipore), citrate synthase (1:1000, ab96600, Abcam), and mitochondrial translocase of outer membrane subunit 20 (TOM20) (1:1000, ab56783, Abcam). Membranes were further incubated with the correspondent alkaline phosphatase conjugated secondary antibody, goat anti-mouse IgG (1:2500) or goat anti-rabbit IgG (1:2500), for 1 h at room temperature. Membranes were then incubated with the ECF detection system (GE Healthcare, Piscataway, NJ, USA) and imaged with a Biospectrum-Multispectral imaging system (UVP; LLC Upland, CA; Cambridge, UK). The densities of each band were calculated with ImageJ 1.45S program. First, we converted the images to a grayscale, to show protein bands as black pixels. Then, authors selected the region of interest (ROI) for each band and integrated density was measured. The ROI area was kept constant for all bands.
Calculation of mtDNA Copy Number Cells were collected and centrifuged at 2000 Â g for 5 min. The pellets were washed in 5 mL of PBS 1Â and the suspension was centrifuged at 2000 Â g for 5 min. The resulting pellets were stored at À80 C until total DNA extraction. Total DNA was extracted from cell pellets using the PureLink Genomic DNA Mini Kit (K1820-01, Life Technologies, Carlsbad, CA, USA), following the manufacturer's protocols and quantified using a Nanodrop 2000 (Thermo Scientific, Waltham, MA, USA). RT-PCR was performed using the SsoFast Eva Green Supermix, in a CFX96 real-time PCR system (Bio-Rad, Hercules, CA, USA), with the primers described in Table 1 , at 500 nM. Amplification of 25 ng total DNA was performed with an initial cycle of 2 min at 95 C, followed by 40 cycles of 5 s at 95 C plus 20 s at 63 C, and 20 s at 72 C. At the end of each cycle, Eva Green fluorescence was recorded to enable determination of Cq. For quality control, after amplification, melting temperature of the PCR products was determined by performing melting curves. For each set of primers, amplification efficiency was assessed, and no template controls were run. mtDNA copy number was determined in each sample by the ratio between the amount of a fragment of the mtDNA control region (Mito3) and the amount of the RNAseP nuclear gene, using the CFX96 Manager software (v. 3.0; Bio-Rad, Hercules, CA, USA).
Gene Expression Assessment
Total RNA was extracted with RNeasy mini-kit (Qiagen, Dü sseldorf, Germany), following the manufacturer's protocols, and quantified using a Nanodrop 2000 (Thermo Scientific, Waltham, MA, USA), confirming that A260/280 was higher than 1.9. RNA integrity was verified by Experion RNA StdSens kit (Bio-Rad, Hercules, CA, USA), and RNA was converted into cDNA using the NZY first-strand cDNA synthesis kit (NZYTech, Lisbon, Portugal), following the manufacturer's instructions. RT-PCR was performed using the SsoFast Eva Green Supermix, in a CFX96 real-time PCR system (Bio-Rad, Hercules, CA, USA), with the primers defined in 
RESULTS
Mitochondrial Remodeling of Human Skin Fibroblast Cell Line Increased Oxygen Consumption Rate and ATP Levels
Because human skin fibroblasts represent a valid tool to study different pathologies (Ambrosi et al., 2014; Cameron et al., 2004; Hu et al., 2015) due to its physiologically relevant metabolism, availability and robustness (Auburger et al., 2012; Marroquin et al., 2007) , we initially characterized the phenotype of human skin BJ fibroblasts when cultured in OXPHOSm, which forces cells to use OXPHOS for ATP production, or in the commonly used HGm (Marroquin et al., 2007) . Cells cultured in both cell culture media (HGm and OXPHOSm) were plated at different cell densities (2500, 5000, 10 000, 20 000, and 40 000 cells/cm 2 ) and several time points were used for the characterization of cell growth (24, 48, 72, 96, 120 , and 144 h). Regarding cell proliferation measurements, our results showed that cells grew exponentially when cultured in HGm or OXPHOSm and that BJ cells submitted to the OXPHOSm presented a proliferation profile similar to cells cultured in HGm, suggesting an effective adaptation to a more oxidative metabolism that supports the proliferation in OXPHOSm ( Supplementary Figs. 1A and 1B) . Regarding cell viability measurements, our results demonstrated that cells cultured in HGm increased their metabolic activity up to 96 h, while their metabolic activity slightly decreased after 120 h (Supplementary Figure 1C) . Cells cultured in OXPHOSm maintained their metabolic activity up to 144 h of culture time (Supplementary Figure 1D) . These results allowed us to select the appropriate cell density to perform the assays and the maximum time point to be used during the experiments, to guarantee that cells were in exponential growth phase. To assess mitochondrial network morphology and mitochondrial membrane potential (Dw m ) we used vital epifluorescence imaging of cells loaded with a nonquenching concentration of the Dw m -sensitive fluorescent dye TMRM. As shown in Figure 1A , cells cultured in OXPHOSm showed a more elongated mitochondrial network and a tendency for an increased TMRM relative fluorescence (p ¼ .0781) ( Figure 1B) .
Afterwards, we determined OCR normalized by cell mass in both groups of cells by using the Seahorse XF e 96 Extracellular Flux Analyzer. As expected, our results showed that alteration of cell culture medium from HGm to OXPHOSm increased basal respiration (Figs. 1C and 1D ), ATP production-associated OCR (Figs. 1C  and 1E ), maximal respiration (Figs. 1C and 1F ) and affected proton leak (Figs. 1C and 1H ), while spare respiratory capacity (Figs. 1C  and 1G ) and nonmitochondrial respiration (Figs. 1C and 1I) were not altered. Moreover, because OCR was generally increased, we corroborated these results by determining the intracellular adenine nucleotides pool by HPLC. Figure 2 shows that ATP (Figure 2A ), AMP ( Figure 2C ), and ATP/ADP ( Figure 2D ) were increased when cells were cultured in OXPHOSm, while ADP ( Figure 2B ) and energy charge were decreased ( Figure 2E ).
Mitochondria-Related Transcripts and Proteins Were Increased during Mitochondrial Remodeling
To evaluate the effects of mitochondrial remodeling at transcriptional and translational levels, we evaluated the effects of forcing oxidative capacity in mitochondria-related gene expression and proteins levels by RT-PCR and Western blotting, respectively. We demonstrated that gene expression of mitochondrial respiratory chain subunits was increased in cells cultured in OXPHOSm, namely NADH dehydrogenase subunit 1 (ND1) (Figure 3A) , NADH dehydrogenase subunit 2 (ND2) ( Figure 3B ), NADH dehydrogenase subunit 3 (ND3) (Figure 3C ), NADH dehydrogenase subunit 4 (ND4) (Figure 3D ), NADH dehydrogenase subunit 4L (ND4L) (Figure 3E ), NADH dehydrogenase subunit 5 (ND5) (Figure 3F ), NADH dehydrogenase subunit 6 (ND6) (Figure 3G ), cytochrome B (CYB) (Figure 3H ), cytochrome c oxidase subunit 1 (COX1) (Figure 3I ), cytochrome c oxidase subunit 2 (COX2) (Figure 3J ), cytochrome c oxidase subunit 3 (COX3) ( Figure 3K ), and ATP synthase Fo subunit 8 (ATP8) ( Figure 3M ). ATP synthase Fo subunit 6A (ATP6A) gene expression was not altered ( Figure 3L ). We also evaluated the protein content of mitochondrial respiratory chain subunits, membrane carriers, and translocators, as well as mitochondrial biogenesis-related proteins. Regarding mitochondrial respiratory chain subunit proteins, our results showed that mitochondrial complex I-related subunit (NDUFB8) (Figs. 4A and 4B ), mitochondrial complex IVrelated subunit (MTCO1) (Figs. 4A and 4E) , and ATP synthase- (Figure 4) . Also, increased TOM20 content was observed when cells were cultured in OXPHOSm ( Figure 5C ). Mitochondrial biogenesis-indicator PGC1-a ( Figure 5A ), and Krebs cycle enzyme citrate synthase ( Figure 5B) were not altered, the latter one showing a statistical trend for an increase when cells were cultured in OXPHOSm (Figure 4) . Considering that mtDNA copy number can also be an indicator of overall mitochondrial mass, capacity, and fitness, we assessed mtDNA copy number by RT-PCR. We found out that cells cultured in OXPHOSm showed increased mtDNA copy number when comparing with cells cultured in HGm ( Figure 5D ).
Cytotoxicity from Mitochondrial Poisons Is Higher When BJ Cells Undergo Mitochondrial Remodeling and Rely on Oxidative Phosphorylation for ATP Production
To confirm whether forcing mitochondrial metabolism in human skin fibroblasts increased the susceptibility to mitochondrial poisons, we further evaluated the cytotoxicity of well-known mitochondrial poisons, namely mitochondrial complex I inhibitor (rotenone), Fo-ATP synthase inhibitor (oligomycin), and the mitochondrial uncoupler FCCP, in a dose-and time-dependent manner. As anticipated, our results showed that after 6 and 24 h of rotenone treatment, cell mass decreased approximately 50% when cells were cultured in OXPHOSm for all concentrations tested, showing even a more severe response after 48 h of treatment, reaching more than 90% of cell mass Figure 6A ). For cells cultured in HGm, cytotoxic effects of rotenone were only observed after 48 h, for all rotenone concentrations used. Cells cultured in OXPHOSm were also more susceptible to oligomycin treatment. At the 6 h time point, 10 mM oligomycin decreased cell mass, while at 24 and 48 h, 4 and 10 mM oligomycin caused a significant decrease in BJ cell mass ( Figure 6B ). We also verified that 1, 2, and 4 mM FCCP decreased cell mass after 6 h of treatment in cells cultured in OXPHOSm. The same results were observed for all FCCP concentrations tested at 24 and 48 h ( Figure 6C ). No significant alterations were observed in BJ cell mass for the tested concentrations of oligomycin and FCCP when cells were cultured in HGm (Figs. 6B and 6C ).
Paxillin Gene Expression Was Increased in Human Skin Fibroblasts When Mitochondrial Capacity Was Forced
Fibroblasts are found in every tissue of the body and are considered as differentiated cells, which are responsible for the synthesis and remodeling of extracellular matrix in tissues (Alt et al., 2011) . Depending on their location, fibroblasts display multiple morphologies (Baum and Duffy, 2011) . In order to evaluate whether artificial up-regulation of mitochondrial function alters BJ fibroblast differentiation status, we measured gene expression of some differentiation markers, including fibroblast markers, myofibroblast markers, and mesenchymal cell markers, while also evaluating transcripts related with galactose utilization metabolism. This experimental aim is important because the differentiation state of the cells can determine the metabolic phenotype and vice-versa (Vega-Naredo et al., 2014) . Figure 7 shows that myofibroblast marker paxillin gene expression (PXN) was increased when cells were cultured in OXPHOSm ( Figure 7C ), while no alterations were found in fibroblast markers discoidin domain receptor tyrosine kinase 2 (DDR2) and heat shock protein 47 (HSP47), in myofibroblast markers vinculin (VCL) and actin (ACTA2), as well as in mesenchymal marker aldehyde dehydrogenase 1 family member 1 (ALDH1) gene expression. Regarding galactose utilizationrelated enzymes, we observed that UDP-galactose-4-epimerase (GALE) gene expression was increased when cells were cultured in OXPHOSm ( Figure 7H ), while no alteration was found in galactokinase 1 (GALK1) gene expression (Figure 7) . 96 Extracellular Flux Analyzer was used to measure cellular OCR (C). Several respiratory parameters were evaluated: cell basal respiration (D, measurement prior to oligomycin addition minus nonmitochondria-derived OCR), OCR associated to ATP production (E, basal respiration minus proton leak), cell maximal respiration (F, maximal measurement after FCCP addition minus nonmitochondria-derived OCR), spare respiratory capacity (G, maximal respiration minus basal respiration), proton leak (H, minimal measurement after oligomycin injection minus nonmitochondrial-derived OCR), and nonmitochondrial respiration (I, minimal measurement after rotenone and antimycin A addition). OCR were normalized by cell mass using the SRB method. Data shown are means 6 SEM of 4 independent experiments. *p < .05 denotes a significant difference between groups.
DISCUSSION
Primary cells can have several advantages to assess mitochondria-induced toxicity, including relevant metabolism and human accessibility and clinical translation (Auburger et al., 2012; Marroquin et al., 2007) . Fibroblasts are adherent mesenchymal cells that play important roles during tissue development, maintenance, and repair, reflecting cumulative cell damage and mutations. Due to its localization human skin fibroblasts may be isolated from patients by a less-invasive method (Auburger et al., 2012) . Taking advantage of these characteristics, human skin fibroblasts have been used to study several diseases, namely Leigh syndrome (Cameron et al., 2004) and neurodegenerative disorders such as Parkinson's and Alzheimer's disease (Ambrosi et al., 2014; Hu et al., 2015) .
Several approaches have been tested to uncover drug-induced mitochondrial toxicity, namely by the use of a glucose-free/galactose/glutamine/pyruvate-containing medium (Marroquin et al., 2007) . However, a full picture of fibroblast mitochondrial remodeling when using the modified culture media is still lacking. Moreover, it was not clear whether fibroblast differentiation status would change by forcing mitochondrial metabolism during culture, despite the fact that authors reported the importance of mitochondrial metabolic activity for cell differentiation state or proliferation rate (Mandal et al., 2011; VegaNaredo et al., 2014) . Here, we performed a metabolic and phenotypic characterization of human skin fibroblasts after culturing them in a culture medium described to stimulate OXPHOS, showing increased mitochondrial capacity, alterations at the transcriptional and translational level, and increased expression of one focal adhesion-associated adaptor gene.
Using this strategy, it has previously been shown in HeLa human cervical cancer cells cultured in OXPHOSm that the mitochondrial matrix structure is condensed and with more developed cristae (Rossignol et al., 2004) , which might have been due to a more efficient OXPHOS. This observation supports our results, as we measured that cells cultured in OXPHOSm had a more elongated mitochondrial network ( Figure 1A) , although without statistical significance regarding TMRM relative fluorescence (p ¼ .0781) ( Figure 1A ). These mitochondrial network morphological alterations were already associated with modifications on the metabolic status of the cell, including the increase in ATP synthase activity (Gomes et al., 2011) . In fact, it was previously shown in HepG2, a human liver cancer cell line, that cellular growth rate was not altered regardless of the culture medium used, while oxygen consumption and ATP levels were increased when cells were cultured in OXPHOSm (Marroquin et al., 2007) , which is in agreement with our results (Figs. 1 and 2, and Supplementary Figure 1) . The increase in basal and maximal respiration in human skin fibroblasts cultured in OXPHOSm was not associated with increased spare respiratory capacity, suggesting that human skin fibroblasts might have the same response capacity during an energetic demand, regardless of the cell culture medium used (Figs. 1C-I) . Concomitant with the increased oxygen consumption, we also found increased ATP and AMP levels ( Figs. 2A and 2B) when OXPHOSm was used, while ADP levels were decreased ( Figure 2C ). These results can mirror an increased respiration rate of the cells grown in OXPHOSm to maintain ATP levels (Warburg et al., 1967) because galactose oxidation through glycolysis does not result in a yield net ATP production, or results in a very slow ATP production, for survival and proliferation, cells were forced to rely on OXPHOS for ATP production (Rossignol et al., 2004) . Taking in consideration that ATP synthase produces ATP from ADP and inorganic phosphate (Senior et al., 2002) , this could explain the decreased ADP levels. The energy status of the cells controls many metabolic reactions (Gomes et al., 2011) , we found out that cells grown in OXPHOSm exhibited a decrease energy charge, in fact, Atkinson and Walton (1967) showed that ATP-generating pathways are stimulated by low energy charge. Consistently, we verified that human skin fibroblasts cultured in OXPHOSm presented increased ATP levels associated with a lower energy charge when comparing with their HGm counterparts ( Figure 2E ). Metabolic alterations, including increased OCR, promoted by the modified cell culture medium may have resulted from a stimulation of mitochondrial biogenesis, increase in protein amount or gene expression of subunits of mitochondrial respiratory chain, and increased flux of glutamine oxidation through TCA (Rossignol et al., 2004) . It was demonstrated in HeLa and MRC-5 human fetal lung cell line, that forcing oxidative capacity increased total amount of mitochondrial subunits-related proteins and mitochondrial enzymatic activities (Rossignol et al., 2004) . We have also previously demonstrated in H9c2 cardiomyoblasts that OXPHOSm increased mtDNA copy number, OCR associated with ATP production and the protein abundance of some OXPHOS subunits (Deus et al., 2015) . In these human primary human cells, we measured not only the effects of mitochondrial remodeling at translational as well as transcriptional level, observing an increased in mtDNA copy number, and up-regulation of mitochondrial subunits-related gene expression and an increase in the mitochondrial proteins content related with OXPHOS (Figs. 3-5 ), suggesting that a mitochondrial transcriptional reprogramming occurs and leads to structural and functional mitochondrial alterations in human skin fibroblasts, as example, the increase in the VDAC, the main channel for respiratory substrates to cross the mitochondrial outer membrane. Protein content of TOM20, an indicator of mitochondrial mass (Burbulla et al., 2014) , was increased and in agreement with other mitochondrial mass indirect indicators (mtDNA, mitochondrial OXPHOS subunits, and citrate synthase) confirming an increase in mitochondrial mass and subsequently mitochondrial biogenesis. Nevertheless, no differences were found in protein content of PGC1-a, a master regulator of mitochondrial biogenesis ( Figure 5 ) (Onishi et al., 2014) , advising that mitochondrial biogenesis induced by OXPHOSm is triggered by a PGC1-a-independent mechanism.
Similarly, it was previously demonstrated in mouse muscle myoblasts C2C12, that mitochondrial biogenesis can be induced by supra-physiological levels of sodium pyruvate through a PGC1-a-independent mechanism (Wilson et al., 2007) . No alterations in protein content of selected mitochondrial complex II and III subunits, both encoded by nuclear genome (Fernandez-Vizarra and Zeviani, 2015) were observed between the two cellular culture media (Figs. 4C and 4D ). This observation suggests that increased reserves these two complexes, or at least these subunits, are needed even when glycolytic pathway is used, possibly related to other biosynthetic processes (Rossignol et al., 2004) . We further demonstrated that human skin fibroblasts became more susceptible to mitochondrial poisons when OXPHOS is being mainly used for ATP production ( Figure 6 ). Similarly, it has already been demonstrated that HepG2 cells were more susceptible to mitochondrial electron transport chain inhibitors, such as rotenone, antimycin and oligomycin when cells were cultured in OXPHOSm (Marroquin et al., 2007) , which caused also an increase in OCR, and increased susceptibility to mitochondrial inhibitors (Marroquin et al., 2007) .
Considering that fibroblasts are a morphologically heterogeneous population of cells with diverse morphology depending on their location and activity (Chang et al., 2014) , we further evaluated whether mitochondrial remodeling promoted fibroblast differentiation, namely directed toward myofibroblast or mesenchymal stem cell-like (Baum and Duffy, 2011; Valenti et al., 2001) . Several reports have showed that lung fibroblasts were heterogeneous in cell surface markers expression and levels of collagen production (Fries et al., 1994; Habiel and Hogaboam, 2017). Furthermore, periodontal fibroblasts were also described as a heterogeneous population based on morphology, glycogen pools, and collagen production (Alt et al., 2011) . We analyzed standard molecular markers of fibroblasts, myoblasts, and mesenchymal stem cell-like, as well as transcripts which coded proteins involved in galactose utilization. Galactose in OXPHOSm must be phosphorylated by galactokinase 1, resulting in galactose-1-phosphate. Galactose-1- Figure 6 . BJ human skin fibroblasts cultured in OXPHOSm (black bars) were more susceptible to mitochondrial poisons compared with cells cultured in HGm (white bars). Cells cultured in HGm or OXPHOSm were incubated with mitochondrial poisons, namely rotenone (mitochondrial complex I inhibitor) (A), FCCP (B), and Oligomycin (ATP synthase inhibitor) (C) for 6, 24, and 48 h at different concentrations, as described in Materials and Methods section. Data shown are means 6 SEM of 4 independent experiments. *p < .05 denotes a significant difference from the respective control.
phosphate is then converted into glucose-1-phosphate by uridyl transferase, which uses UDP-glucose (Cuthbert et al., 2008) . UDP-galactose-4-epimerase catalyzes the reversible conversion of UDP-galactose to UDP-glucose in galactose utilization metabolism (Cuthbert et al., 2008) . With this work, we demonstrated that the mitochondrial remodeling promoted by OXPHOSm in human skin fibroblasts increased UDP-galactose-4-epimerase (GALE) gene expression ( Figure 7G ), possibly as an adaptive response due to the modified cell culture medium used. We also demonstrated that the mitochondrial remodeling promoted by OXPHOSm in human skin fibroblasts did not affect the differentiation markers evaluated (Figure 7) , with exception of paxillin gene expression, which was increased when OXPHOSm was used (Figs. 7C and 7G) . Paxillin gene encodes a focal adhesion protein involved in actin-membrane attachment at sites of cell adhesion to the extracellular matrix. These dynamic interactions are essential for cellular adhesion, migration, and survival (Mackinnon et al., 2011) . Moreover, it was also described that mutations in paxillin gene lead to mitochondrial dynamics and mitochondrial physiology dysregulation in human embryonic Figure 7 . Paxillin gene expression was increased in BJ fibroblasts after metabolic remodeling. Cells were cultured in HGm or OXPHOSm, as described in Materials and Methods section. Total RNA was extracted, converted into cDNA, and amplified by real-time RT-PCR. Gene expression of fibroblasts (A and B), myoblasts (C-E), mesenchymal (F), and galactose utilization (G and H) markers were measured. Gene expression was normalized to 18S RNA levels and divided by the value obtained for the controls cultured in HGm. Data shown are means 6 SEM of 4 independent experiments. *p < .05 denotes a significant difference between groups.
kidney epithelial cells, HEK-293 (Kawada et al., 2013) . For the same cell line, it was also shown that paxillin mutations induced cell survival advantage and co-localized with the antiapoptotic protein Bcl-2 (Kawada et al., 2013) . We can postulate that the increased expression of paxillin was induced by forcing oxidative capacity (Figure 7 ) and represents an adaptive response to accompanied alterations in mitochondrial physiology and dynamics to promote mitochondrial function and support human skin fibroblasts survival.
In conclusion, we show here that by using a modified culture media frequently used in research, mitochondrial capacity was increased in human skin fibroblasts accompanied by relevant mitochondrial transcriptional and translational alterations. Furthermore, increased focal adhesion-associated adaptor gene expression was also measured. Hereby, we provide the first comprehensive analysis of the changes that occur in mitochondrial function and structure in a human primary skin fibroblast cell line when cultured in OXPHOSm. Because fibroblasts can be collected from patients by noninvasive methods and allow the characterization of disease pathophysiology, our work highlights the possibility of using individual human primary fibroblast and applies the cell culture media switch strategy for taking into consideration the mitochondrial heteroplasmy when measuring drug-induced mitochondrial liabilities or drug treatment for personalized medicine, similarly to what was previously described by us in a panel of mouse embryonic fibroblasts (Pereira et al., 2012) . Measuring the individual mitochondrial response to chemical agents in skin fibroblasts can lead to significant savings in deterioration of patient health and shortening the time and cost for drug development.
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